Introduction
Whilst solvent effects of 13 C NMR chemical shifts of carbonyl containing compounds have been previously studied [1, 2] , little attention has been paid to relating these effects to intramolecular thermodynamic data. We have recently established a linear relationship between the rotational barriers about the C-N bond, zlG + 298, in a series of ortho-and para-substituted N,N-dimethylbenzamides and the carbonyl 13 C substituent chemical shifts [3, 4] . Hence it may be predicted that a similar relationship may be found in the parent compound, N,N-dimethylbenzamide, as ZlG+298 varies in different solvents.
The ground state of N,N-dimethylbenzamide will be best represented by a composite of contributors such as (1), (2) and (3) [5] . The transition state involved in C-N bond rotation will more closely approximate contributor (2) . Thus solvents of high polarity or high hydrogen bond donor ability will be expected to stabilize the more polar ground state resonance contributor (1) far more than the less polar contributor (2) .
total carbon atom electron densities [2, 10, 11] as calculated by all valence electron and ab initio molecular orbital methods. Changes in total carbon atom electron density induced by substituent effects have been shown to be largely dominated by changes in the n charge density [2, 10, 11] .
A recent ab initio molecular orbital study [5] of benzamide has indicated that besides resonance withdrawal of n electrons from the ring, significant n polarization effects [11, 12] are operative. It can be predicted that N,N-dimethylbenzamide will show similar resonance electron withdrawal and re polarization effects. However, as the dihedral angle [13] , 6, between the aromatic ring and the amide moiety is greater than in benzamide [14] , conjugative ti electron charge transfer will be decreased relative to benzamide, and n polarization relatively increased [11, 12] .
In a previous 13 C NMR study [15] of paradisubstituted benzenes in carbon tetrachloride and acetone, a dual substituent parameter analysis indicated the difference in solvent effect was largely due to the inductive effect, and not the resonance nature of the substituent. Also, it was suggested that these 13 C solvent effects were explicable in terms of increased n polarization resulting from enhanced substituent polarity as the solvents became more polar.
In this study, we investigate the effect of solvent on the 13 C substituent induced chemical shift (s.i.c.s.) of the carbonyl atom via the use of empirical solvent parameters. Similarly, the effect of solvents upon the rotational barriers will be investigated, as well as the inter-relationship between the s.i.c.s. and ZlG+298-We will monitor the effect that increased polarity of the amide side chain, as measured by the ET (30) scale, will have on the polar part of the substituent effect exerted by the amide moiety. The polar substituent effect induced by the changing polarity of the amide side chain should be reflected in the aromatic carbon s.i.c.s. values.
Results and Discussion
The 13 C s.i.c.s. for the carbonyl group, and the benzene ring carbon atoms, Cl, C2, C3 and C4, of N,N-dimethylbenzamide for the various solvents at 298 K are given in Table I . The s.i.c.s. values are referenced relative to the respective values for N,N-dimethylbenzamide in cyclohexane. The barriers to rotation about the C-N bond, zlG+298, as well as the ET (30) values [8] are also given for the relevant solvents, where known, in Table I. Negative s.i.c.s. values represent shifts upheld of the values for N,N-dimethylbenzamide in cyclohexane, and vice versa. Assignments of the carbonyl group, Cl and C4 are relatively straight forward. The meta carbon, C3, has always been assigned downfield from the ortho carbon atom. This assignment is in agreement with previous assignments [3, 4] for a limited number of solvents.
All s.i. c. s. were measured at 0.25-0.50 mol dm -3 . Studies of the concentration dependence of the s.i.c.s. for D2O, (CD3)2CO, cyclohexane, CDCI3 and CeD6, as representative of the range of the ET (30) scale indicated this concentration satisfactory represents infinite dilution. Solution molecular weight measurements by osmometry indicate that N,Ndimethylbenzamide in benzene, acetone and chloroform at 0.5 mol dm -3 exists predominantly in the monomeric state. Previous 13 C NMR studies [1, 2] of carbonyl compounds were done at higher concentrations than 0.5 mol dm -3 , and showed little evidence of concentration effects.
All rotational barriers [3, 16, 17] were determined at a concentration of 0.5 mol dm -3 , or less, with the exception of the value for chlorobenzene [16] which was obtained from a 1.0 mol dm -3 solution. The values of A G+298 were derived from signal shape analysis, or in the case of dichloromethane [19] an approximate signal shape analysis. These values can be considered accurate [3, 16, 17 ] to about 0.5 to 1.0 kJ mole- 1 .
A plot of A G+298 as a function of ET (30) is shown in Fig. 1 for eleven solvents. A reasonably satisfactory linear relationship is observed, with the line of best fit represented by:
where r = 0.941, S. D. = 1.91, significant at the 0.1 % level (t test). It thus appears as if solvents of increasing polarity, or hydrogen bond donor ability, increase the contribution of the polar contributor (2) to the resonance hybrid, and decrease the contribution of the nonpolar canonical form (3). Hence, as indicated by equation (1) rotational barriers increase proportionately as solvent polarity or hydrogen bond donor ability increase in magnitude. [17] ; « from reference [18] ; h from reference [19] ; 1 from reference [3] ; J from reference [16] . It is obvious from equations (1) and (2) Table I for numbering scheme.
A G+298 values for 11 solvents: Table I for numbering scheme. Table II reveals that the <5(C1) and <5(C2) correlations for Set 1 solvents and the <5(C1) correlation for Set 2 solvents display extremely poor correlation coefficients. However, it has been previously noted that the correlation coefficient, r, is dependent upon the magnitude of the slope of the regression line [20] .
where r = 0.986, S. D. = 0.32, significant at the 0.1 % level. In fact, equation (3) is significantly a better fit than equation (1), indicating that, in this case, the s.i.c.s. values are a more accurate predictor of A G^298 than the ET(30) scale. Equation (3) may thus be used to predict unknown rotational barriers for N,N-dimethylbenzamide in various solvents from easity determined s.i.c.s. values. Thus, for the solvents considered in Fig. 2 it is possible to estimate rotational barriers in any of the 12 solvents where these values are unknown, other than solvents 3, 10 or 18.
Equations (1), (2) and (3) strongly imply that the carbonyl group s.i.c.s. values reflect ground state electron densities on the carbon atom in the various solvents.
We have previously noted that N,N-dimethylbenzamide displays "anomalous" behaviour in solvents 3 (formamide), 10 (dimethylsulphoxide) and 19 (methyl acetate), as adjudged by deviance from equation (2) . It is possible that specific bipolar interactions between the solvents and the amide side chain of the solute may be occuring. The behaviour of solvents 3, 10 and 18 may be compared with those of solvents 13 (dimethylformamide), 11 (sulpholane) and 14 (acetone), which are not "anomalous". The difference in behaviour may be due to steric inhibition of dipolar solvent interaction in solvent 11, and the removal of the possibility of bipolar interaction with the solute in solvents 13 and 14 by structural effects.
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As these slopes are very small in magnitude, the poor correlation coefficients largely reflect these values. However, the standard deviations (S. D.) of these correlations are no worse than the other correlations listed in Table II .
Whilst the correlation parameters for <5(C 1), <5(C2), d(C3) and <5(C4) for both sets of solvents vary from moderately poor to reasonably acceptable for the individual correlations, the division into two fundamentally different sets can be tested statistically (see Appendix). Table 2 reveals a significant improvement in the correlations of <5(C1), <5(C2), <5(C3), and <5(C4) with ET (30) dichloromethane, have also been shown to hydrogen bond to carbonyl compounds [21, 22] , and would appear to be behaving similarly with N,N-dimethylbenzamide. Solvent 11 (sulpholane) also appears to fall consistently into Set 2, and appears to be acting as an electron donor to the positive pole of the amide moiety. Apparently solvents 25 and 26 (CS2 and CCI4) are presumably also acting as electron donors to the N atom via the S and Cl atoms respectively. Solvents 23 and 26 (benzene and chlorobenzene) have been previously shown to form molecular complexes [23] with the positively charged N atom of the amide moiety.
Inspection of
It thus appears as if charge transfer between the solvent and the amide group in N,N-dimethylbenzamide is common to all Set 2 solvents.
If charge transfer between the solvent and amide group is common to Set 2 solvents, this strongly implies the 10 aprotic solvents in Set 1 are involved in dipolar solvent-amide moiety interactions, i.e. the s.i.c.s. are due to the reaction field [24] set up between the solvent and the permanent dipole on the amide group (2). Thus the reaction field would modify the dipole on the amide group which is reflected by the carbonyl carbon s.i.c.s. The benzene ring s.i.c.s. data appears consistent with two fundamentally different polarization (^F) mechanisms acting to polarize the n electron system of the benzene ring. This postulate would require two quite different effective dipoles on the C(0)N(CH3)2 side chain.
In structure (4), Set 1 solvents set up a reaction field with the dipole on the amide group. Thus the reaction field modified dipole on the amide moiety polarizes the benzene ring 71 electron system via the 7iF mechanism. In structure (5), drawn for a protic solvent from Set 2, charge transfer between the amide group and the solvent induces a much larger variation in effective dipole on the amide group than for Set 1 solvents. The charge transfer modified dipole then polarizes the n electron system via the nF mechanism. The non protic solvents of Set 2 presumably interact with the polar C-N bond system to modify the amide dipole.
Support for the hydrogen bond donor character of the protic solvents in Set 2 comes from the studies in solvents 28 (trifluoroacetic acid) and 29 (sulphuric acid). Both these solvents either form a very strong hydrogen bond (for 28 possibly) or result in protonation of the carbonyl oxygen atom (sulphuric acid) [25] . The pattern of s.i.c.s. for Cl, C2, C3 and for those solvents are of the same order of relative magnitude as the slopes for Set 2 for those carbon atoms. The pattern of s.i.c.s. for the solute in solvent 6 (acetic acid), solvent 1 (water), and solvent 2 (trifluoroethanol), is again similar to those of solvents 28 and 29, and all patterns are consistent with those expected for a 7if effect.
In all solvent studied, including solvents 3 and 10, the polar part of the substituent effect is consistent with a predominant tif effect. As the polarity of the -C(0)N(CH5)2 side chain becomes greater, as reflected in the increasing carbonyl group s.i.c.s. values, the aromatic 71 electron system is polarized in two fundamentally different modes by the solvents of Set 1 and Set 2. The slopes of the regression lines for these sets for the various aromatic carbon atoms represent the relative sensitivities to 71 polarization induced by the two sets of solvents (Table III) . As the dihedral angle, 0, is at least 45°, the field effect is probably partly attentuated by the solvent environment around the amide moiety as well as a direct field effect acting through the molecular cavity.
Further supporting evidence for a dominant 71 polarization mechanism being responsible for the transmission of the polar part of the substituent effect comes from our previous study [3] of parasubstituted N,N-dimethylbenzamides (I). The dual substituent parameter (DSP) equation [26] for the 13 C carbonyl group chemical shift was found to be: (5(C=0) = -2.93 (Ti -2.20 aR° -0.20 (5) where qi = -2.93 and ^R = -2.20, represent the inductive (or polar) and resonance substituent effects respectively. Brownlee et al. [27] have observed that, in aromatic systems involving conjugating side chains, that a gi of this sign and magnitude is consistent with a ^-polarization mechanism for the polar part of the substituent effect, if the sign of £>i for the DSP correlation of <5(C1) is opposite to that of a(C=0) [3] .
Inspection of Table III reveals Set 2 solvents result in an increasing sensitivity of the benzene ring n system to the amide dipole, increasing from Cl to C4, i.e. as the distance from amide dipole increases. Examination of the general pattern of the signs of the s.i.c.s. from Table I for Set 2 solvents then suggests the following pattern of n electron distribution of the benzene ring in Set 2 solvents (6).
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Table III appears to suggest that the C3 and C4 positions of the benzene ring in Set 1 solvents have about equal sensitivity to polarization effects, whilst the C2 position shows a much reduced sensitivity compared to that of the Cl position (or C2, C3). These positional sensitivities are inconsistent with a simple tif polar perturbation of the benzene n system [11, 12] , and suggest that solvent interaction with the aromatic system, as well as the amide moiety, is occurring. This observation implies some solvent interaction is possibly occurring with the C4 position, resulting in enhanced sensitivities for the C3 and C4 positions.
Whilst it may be possible that dipolar interactions between the solvent and the amide group as well as the benzene ring may be occurring in Set 1 solvents, it appears as if Set 2 solvents almost exclusively interact with the amide moiety only. In view of the strong polarity of the amide group, it is expected that the strongly polar and hydrogen bond donor solvents of Set 2 will mainly interact with the amide group.
Appendix
An alternate treatment of the 13 C s.i.c.s. data using a multiparametric regression approach involving several empirical solvent scales, instead of the one solvent scale (ET(30)), may lead to a model of solvent effects which accounts for a greater proportion of the unexplained variance than the equations given in Table II . Such a treatment may also give some insight into the validity of the separation of the <5(C 1)-<5(C4) correlations into two sets, as attempted above.
The number of possible multiparametric regression treatments of the s.i.c.s. data is limited by the availability of comprehensive solvent scales with known parameters for all the 27 solvents considered in detail. We have examined the approaches used by Fowler et al. [7] Koppel and Palm [6] , and Kamlet and Taft [9, 28] for the treatment of the <5(CO)-<3(C4) data for all 27 solvents using a step-wise multiple regression procedure (Table IV) .
Examination of Table IV reveals the correlations using the explanatory variables {ET (30) , H and J} [7] and {E, P, Y} [6, 29] are overall the most successful in providing an explanation of the s.i.c.s. data for the five carbon positions, and give markedly similar regression parameters. Koppel and Palm [6, 29] have suggested that the ET(30) scale mixes non-specific polarization (Y) and polarizability (P) with the specific electrophilic nature, (E), of the solvent. However, Fowler et al. [7] have found correlations involving the {ET (30), H, J} parameters were quite successful in treating a large body of solvent effect data. As H = P = n 2 -1 /n 2 + 2, and J = Y = d -1/d + 2 in the above treatment, the Koppel and Fowler treatments are directly comparable. In our system, there appears to be little difference between the two approaches, with respect to which model fits the data best.
The Kamlet and Taft approach is less successful, either in the form {ji*, a} or {ji*, a, ß}, where the latter allows for solvent basicity [30] (ß). An alternate dual solvent parameter approach due to Fawcett and Krygowski [31] which considers solvent electrophilicity, ET (30) , and solvent basicity, DN (Gutmann's donor number [32] ), is no more successful than the Kamlet and Taft approach. However the {ET(30), DN} approach is hindered by the nonavailability of certain DN values which had to be estimated from other correlations [32] . In view of the high degree of correlation between the various solvent electrophilicity scales [32] we feel ET (30) or E should adequately represent such a concept. There appears to be little agreement between solvent basicity scales [30] but the ß and DN scales should adequately cover this concept.
Overall then, it would appear that the {ET(30), H, J}, {E, P, Y} and {ET (30) , DN} treatments are statistically no more successful than the simple ET (30) treatment in providing an explanation of the s.i.c.s. data considering the first two approaches involve three explanatory variables and the latter two explanatory variables.
An important point which emerges from the various multiparameter regressions listed in Table IV is that the specific solvation effects, ET (30) , E, (jt -f a), which account for the largest proportions of the variances in each correlation, all show the same pattern of positional sensitivity. Thus the C=0 carbon generally shows the greatest sensitivity to specific solvation effects, C1 the smallest sensitivity (often negative), then C2, C3 and C4 show increasing sensitivity in that order over the Cl sensitivity. These conclusions are in general agreement with the conclusions reached from the simple ET (30) correlations, and suggests a jif polar and/or direct field mechanism is operational in this system.
We may use the stepwise regression procedure [33] to analyse the significance of increasing the number of explanatory variables from one to two to three. The partial correlation coefficient, A3.2, represents the coefficient obtained after the introduction of the second explanatory variable (e.g. H, (3)) after the first explanatory variable (e.g. ET(30) , (2)) has been correlated with <5( 13 C), (1) . Then rha.2 = P 2 I.23 -R 2 I.2/1 -R 2 I.2, which may be tested for significance by the t test, where t = A3.2 {n-ra/l-ri3.2} 1/2 , and n-m represents the number of degrees of freedom, and m-l is the number of explanatory variables, including the introduced explanatory variable. Similarly, where A4.23 represents the partial correlation coefficient for the introduction of the third explanatory variable, after explanatory variables 1 and 2 have been used, then Table V gives the correlation coefficients and significance levels for the {ET(30),H, J} and {E,P,Y} correlations. It can be seen that only in the case of the <5(CO) correlation with {ET(30), H, J} is the introduction of the second and third explanatory variables (H, J) significant at the 5% level (1 tail test). Introduction of the second explanatory variable, H and Y, is significant for the <5(C3) and <5(C4) correlations of {ET (30) , H, J} and {E, P, Y} respectively. The introduction of the second variable, ET (30) , to the most significant variable, H, is significant for the (5(C1) correlation with {ET(30), H,J}.
Table V reveals that the {Et(30), DN} approach is not significantly better than the simple ET (30) correlations in providing an explanation of the s.i.c.s. data. Only in the <5(C2) correlation is introduction of the second explanatory variable, DN, significant at the 5% level.
Whilst non significance of the coefficient of an explanatory variable does not imply that the variable does not affect, or is not related to, the dependent variable, <5( 13 C), it does imply that, at the 5% level, the confidence limits for the estimated effect includes zero as a possible value.
Coupled with the poor significance levels of the stepwise partial regression correlation coefficients for the {ET(30), H, J}, {E, P, Y} and {ET (30) correlations, is the failure of all multiparameter regressions to give even reasonably moderate fits of the <5(C1) and <5(C2) data for all 27 solvents.
Generally then, although the multiparameter regression do not require deletion of certain solvents, {e.g. solvents 3, 10, 18 in the <5(CO) correlation with ET (30)), or the separation into two solvent sets for the <5(C1)-<5(C4) correlations, it is by no means clear that the multiparameter approach is superior to the simple ET(30) correlations (Table II) .
As the separation of the C1-C4 s.i.c.s. data into two sets may be a controversial point, we have considered an analysis of variance procedure [34] to test whether the correlations of the two sets of data for Cl, C2, C3 and C4 are in fact identical, i.e. the two regression lines for each of the two Cl, C2, C3 and C4 data sets are identical.
Thus, for the Cl s.i.c.s. data, the two regression equations are: (2), and a is the significance level.
Calculation of T for the <5(C1), <5(C2), <5(C3) and <3(C4) correlations yields values of 30.96, 6.43, 6.30 and 3.81 respectively. These values indicate that the two regression fines for each of the two C1, C2, C3 and C4 data sets are not significantly identical at greater than 0.1% for Cl, 0.6% for C2, 0.65% for C3 and 3.75% for C4. Thus the division into Set 1 (10 solvents) and Set 2 (17 solvents) (see Table II ) for the C1-C4 s.i.c.s. data would appear to be valid.
Experimental N,N-Dimethylbenzamide was prepared by adding benzoyl chloride to a solution of dimethylamine in diethylether. The recrystallised product m.p. 41 to 41.5° gave satisfactory X H NMR and IR spectra and combustion analysis. i3 C NMR spectra were recorded in the proton noise decoupled mode at 20.1 MHz on a Bruker WP-80 spectrometer using 0.25 to 0.5 moldm-3 solutions at 298 K. A 3.0 //sec (ca. 40°) pulse, 10 sec delay and 5000 Hz sweep width were used. Digital resolution was 0.03 ppm (accuracy, 0.06 ppm). Chemical shifts were referenced to internal SiMe4 with the exception of D20 and H2SO4 solvents. In the former, shifts were referenced to the methanol carbon frequency obtained from a 0.1 moldm -3 solution of MeOH in D2O with trimethylsilyl propanesulphonic acid as internal standard (Me3-Si-= 0.0 ppm). In H2SO4, shifts were referenced to external SiMe4. A coaxial tube containing CD3NO2 was inserted in the sample tube to provide a lock signal with the undeuterated solvents.
The chemical shifts for N,N-dimethylbenzamide in cyclohexane were: 170.66 (C=0), 138.13 (C-l), 128.17 (C-2), 128.48 (C-3), 129.51 (C-4) ; the N-Me carbon resonances were observed as two broad lines (Wi/2~40 Hz) between 30-40 ppm.
The 71* and a parameters were taken from the compilations of Kamlet and Taft [9, 28] . The DN values were taken from Gutmann's compilation [32] with the exception of solvents 3, 5, 6, 7, 15 and 18. The values used for these solvents were 39.9, 18.1, 25.1, 17.1, 18.0 and 15.5 (interpolated from the AvD correlation of Table VI in reference [32] ).
The solution molecular weights were obtained on a Knauer Osmometer using benzil reference soluations.
